ABSTRACT-In rat basophilic leukemia cells (2H3), a tumor analog of mast cells, the aggregation of IgE receptors results in histamine secretion and the increase in his tidine decarboxylase activity which synthesizes histamine. Using inhibitors of protein kinase C, we studied the relationships between these events and protein kinase C which is activated by antigens. Histamine release is suppressed by inhibitors of protein kinase C, staurosporine, K252-a and H-7, in this decreasing order of effectiveness; and the IC50 values are 1.5 nM, 29.9 nM and 3.8 ,uM, respectively. The changes in the intracellular Ca concentration monitored by fura-2 fluorescence is not modified by staurosporine, although the histamine response is suppressed. Meanwhile, the increase of histidine decarboxylase was abolished by inhibitors of protein kinase C; staurospor ine was the strongest, K-252a of moderate activity and H-7, the weakest, having IC50 values of 0.8 nM, 100 nM and 11.5 u M, respectively. The inhibitors of protein kinase C suppress both histamine secretion and synthesis. Therefore, the histamine synthesis may be stimulated via activation of protein kinase C to supplement the released hista mine.
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In rat basophilic leukemia cells (2H3), the aggregation of IgE receptors initiates the hy drolysis of inositol phospholipids and the in crease of intracellular calcium concentration ([Ca2+];) and finally causes histamine release (1, 2). It is well-known that another product of the hydrolysis of inositol phospholipids, diacylglycerol, stimulates protein kinase C (PKC) (3) and causes various cell functions such as contraction of smooth muscle, platelet aggregation and neuronal transmission (4). By using several kinds of PKC inhibitors, the re lation between the signal transduction and cellular functions has been clarified. In 2H3 cells, phorbol 12-myristate 13-acetate (PMA) stimulates histamine release in synergy with the increase of cytosolic Ca by Ca ionophore (5). In addition to histamine release, the activ ity of histidine decarboxylase, which synthe sizes histamine from L-histidine (HDC, L-histi dine carboxylyase, E.C.4.1.1.22) (6), in creased in 2-4 hr after stimulation by oligo meric IgE or PMA (7). The increase of HDC activity seems to be due to the induction of HDC, because cycloheximide, an inhibitor of protein synthesis, blocked the increase. This increase may be mediated by PKC, because PMA or oleoylacetyl glycerol, an activator of PKC, increased the HDC activity like oligo meric IgE did (7). This idea was confirmed by findings that the increase of HDC activity by IgE oligomer was not observed in the absence of Ca in the medium, whereas that by PMA or oleoylacetyl glycerol was observed in its absence.
In this paper, using inhibitors of PKC, we confirmed that the activation of HDC was mediated by PKC and examined their effects on histamine release. 
MATERIALS AND METHODS

Culture
Assay of histamine release
After sensitizing 2H3 cells with IgE in 24 well culture plates, the medium was replaced with 0.2 ml PIPES buffer (25 mM PIPES, 119 mM NaCI, 5 mM KCI, 5.6 mM glucose, 0.4 MM MgC12, 1 mM CaCl2, 40 mM NaOH, 0.1% BSA, pH 7.2) and preincubated at 37°C for 10 min. 2H3 cells were stimulated with 10 ng/ml of DNP24-BSA as an antigen for the in dicated periods and histamine released in the supernatants was measured by HPLC fluorometry (9).
Extraction of HDC and assay of its activity
After incubation of 2H3 cells with stimu lants for 3 or 4 hr in a 24-well plate in a CO2 incubator, the media were discarded, and the attached cells were suspended in 0.75 ml of ice cold HDC solution (0.1 M potassium phos phate buffer, pH 6.8, containing of 0.2 mM dithiothreitol, 0.01 mM pyridoxal 5'-phos phate, 1% (w/v) polyethylene glycol (average molecular weight, 300), 100 ,ug/ml phenyl methylsulfonyl fluoride) and sonicated for 20 sec in a sonicator (Tomy, Tokyo, Japan). The homogenate was centrifuged at 12,000 X g for 20 min, and the supernatant was dialyzed three times against 50 volumes of HDC solu tion. The enzyme was incubated with 0.25 mM L-histidine for 2 hr at 37°C in 1.0 ml of HDC solution, and the reaction was stopped by adding 0.04 ml of 6.2 M perchloric acid. After brief centrifugation, the histamine in the su pernatant was measured by HPLC. HDC activity is expressed as formation of histamine (pmoles) per min per mg protein. Protein was measured by using a Bio-Rad protein assay kit. Statistical analysis was done with Student's t-test.
Determination of [Ca 2+]i
[Ca 2+]i in 2H3 cells on a coverslip was measured by using fura-2 (10). Briefly, 2H3 cells were grown on a coverslip confluently and sensitized with IgE in the same way de scribed above and thereafter loaded with 5 M fura-2/AM in a PIPES buffer. Cells on a coverglass was put into a quartz cuvette and then the cuvette was set diagonally to the light path in a spectrofluorometer (Hitachi F-4000, Japan). Cells were superfused with PIPES medium containing stimulants or drugs, and histamine in the superfusates was determined by HPLC-fluorometry. [Ca 2+1i was converted from the ratio of fluorescences excited at 340 and 380 nm and emitted at 505 nm according to the equations by Grynkiewickz et al. (11) and Scanlon et al. (12) .
Chemicals
Monoclonal IgE against DNP24-BSA and DNP24-BSA were gifts from Dr. H. Metzger, NIH (Bethesda, MD, USA). Fura-2/AM and PIPES were purchased from Dojindo Lab (Kumamoto, Japan). PMA, 4a-phorbol 12,13 didecanoate and H-7 were purchased from Sigma Chem. Co. (St. Louis, MO, USA). Staurosporine and K-252a were from Kyowa Hakko Co. (Tokyo, Japan). Other chemicals were analytical grade. Fig. 1 . Inhibition by the PKC inhibitors of histamine release stimulated by DNP24-BSA. 2H3 cells were preincubated for 10 min in the presence of PKC inhibi tors, staurosporine (0), K-252a (A) and H-7 (U), at the indicated concentrations and then stimulated with 10 ng/ml DNP24-BSA for 30 min. Hitamine release was represented as a % of the control. Histamine re lease in the absence of PKC inhibitors was 74.0 ± 5.51% and spontaneous release was 7.40 ± 0.97%. Vertical bars represent the S.E.M. for 3-6 subjects . 
RESULTS
Effects of inhibitors of PKC on histamine re lease Histamine release stimulated by DNP24 BSA was inhibited in the presence of PKC in hibitors, dose-dependently. Staurosporine was the most potent, K-252a of moderate activity, and H-7, the weakest, and they had IC50 values of 1.5 nM, 29.9 nM and 3.8,uM, re spectively (Fig. 1) . Figure 2 shows the time course of histamine release in the presence of 10 nM of staurosporine. Staurosporine sup pressed histamine secretion at 10 min and 45 min after the antigen stimulation to 22.1% and 34.3% of the control, respectively.
Effect of staurosporine on the increase in [Ca2+]1 in 2H3 cells
In Fig 3, the representative responses of changes in cytosolic Ca after stimulation by DNP24-BSA in the presence and absence of extracellular Ca. In the presence of extracellu lar Ca, [Ca 2+]; began to increase at 2 min and reached a plateau of 900 nM in 10 min. Staurosporine did not suppress this increase of [Ca 2+]i (Fig. 3a) . In the absence of extracellu lar Ca (Fig. 3b) , a small increase (100 nM) was observed at 5 min after stimulation. This increase was supposed to be the release from the intracellular Ca stores. Addition of extra cellular Ca causes a steep increase of [Ca 2+]i (higher than 1000 nM), which means the influx of Ca from the extracellular medium. Stauro sporine had no effect on both changes in [Ca 2+];. Figure 4 shows the simultaneous changes in the rate of histamine release and the [Ca 2+]i. The rate of histamine release was suppressed by staurosporine, although the Ca response was not changed. Effects of inhibitors of PKC on the increase in HDC activity induced by PMA or antigens HDC activity increased 4-fold by 4 hr after stimulation by 10 nM PMA, while no increase occur in the presence of 1,uM of 4a-phorbol 12,13-didecanoate, an inactive phorbol ester (Fig. 5) . As shown in Fig. 6 , the increase in HDC activity of 2H3 cells treated with PMA was inhibited by PKC inhibitors, staurospor ine, K-252a and H-7, in this decreasing order of activity, having IC50 values of 0.8 nM, 100 nM and 11.5,uM, respectively. In 2H3 cells sensitized with monoclonal IgE, 10 ng/ml of DNP24-BSA as an antigen, also increased HDC activity to 2.7-fold the control levels in 3 hr (Table 1 ). This increase induced by an anti gen was completely suppressed by 10 nM of staurosporine. HDC activity in non-stimulated cells was also inhibited to 31.4% by 10 nM of staurosporine. ]i was deter mined by using fura-2, and histamine in superfusates were measured and expressed as percent release per min. Staurosporine was added 9 min before stimula tion by antigen. 
DISCUSSION
In 2H3 cells, antigen stimulation initiates several signal transduction systems such as the hydrolysis of inositol phospholipids, the in crease of [Ca 2+]i and activation of PKC, and finally results in histamine release (1, 2, 13). Histamine release is the early response and is initiated by the mechanisms of both the in crease of [Ca 2+]i and the PKC activation synergistically, although PMA itself does not cause the histamine release in 2H3 cells (5). In 2H3 cells, type III PKC is translocated from the cytosol to the membrane after antigen stimulation (14) and then phosphorylates myosin (15) . Several kinds of inhibitors of PKC have been available, including stauro sporine (16), K-252a (17) and H-7 (18) . In this paper, the potency of these drugs to inhibit histamine release were studied. Staurosporine, which is a derivative of K-252a, is the most potent among these drugs; It had an IC50 of 1.5 nM, similar to the value (2.7 nM) obtained from in vitro experiments (16) . Histamine re lease was almost completely inhibited at the dose of 1 uM of staurosporine. These inhibi tors act at the ATP binding site in the cata lytic domain of the serine and threonine pro tein kinases, and the inhibitory activity at the high dose of these inhibitors might be related to inhibition of other protein kinases in addi tion to PKC (19) . Moreover, the different IC50 values between histamine release and HDC activation might derive from an involve ment of such serine and threonine protein kinases in these responses.
Since PMA and oleoyl acyl glycerol sup pressed the increase of [Ca 2+]i, but not hista mine release (5), the effects of a PKC inhibi tor on [Ca 2+]i derived from the release from intracellular Ca stores and the influx from the extracellular medium were studied. By means of our superfusion system which simultaneous ly monitors [Ca 2+]i and histamine release (10), it is supposed that staurosporine inhibits hista mine release by direct suppression of PKC without affecting [Ca 2+1i.
Cytosolic Ca is proposed to be regulated by two mechanisms: One is the Ca release from the intracellular Ca stores initiated by inositol 1,4,5-trisphosphates and the other is the influx of Ca from the extracellular medium (20) . In non-excitable cells such as blood cells, the mechanism of Ca influx remains unknown. The receptor-mediated Ca entry has been proposed (21) and Ca entry is regulated by emptying the intracellular Ca store (22) . Although the mechanism of Ca influx in 2H3 cells is unknown, antigen stimulation causes an increase in [Ca 2+]i by two pathways and the influx mechanism has no relation to PKC which is activated by antigens.
We have found that the stimulation by an antigen and PMA resulted in an increase in the activity of HDC, an enzyme synthesizing histamine, in a few hours (7). It was reported that mast cells or basophils, when stimulated by antigens, caused not only histamine release in an early phase, but also the induction of hemopoietic growth factors such as granulocyte/macrophage colony-stimulating factor in a late phase (23) . The activation of HDC is one of the late responses regulated by PKC. The effects of PKC inhibitors on HDC activation were studied, and staurosporine was the most potent as shown in the inhibition of histamine release. In human basophilc leuke mia cells (KU-812F), staurosporine inhibits the increase of HDC activity with an IC50 of 10 nM (24) . In that cell, the stimulation of IgE receptors did not cause any histamine release and HDC induction because of immature pro liferation to basophils. To elucidate whether PMA mimicks the response proceeded by the stimulation of IgE receptors, 2H3 cells are useful. HDC activity in unstimulated 2H3 cells was 5 15 pmoles/min/mg protein, and this level was suppressed to one third by stauro sporine. 2H3 cells grow with a doubling time of 18 hr, and in accordance with cell prolifera tion, the activation of HDC seems to occur via PKC stimulation.
Recently, clonings of rat (25) , mouse (26) and human (27) HDC have been reported, and the study of HDC at the molecular level has become feasible. Although the types of PKC could not be differentiated by the inhibi tion study using staurosporine, the cell stimu lation occurring in physiological and pathologi cal conditions such as the aggregation of IgE receptors results in the activation of various kinds of PKCs and early and late cellular reac tions in succession.
